A major concern for high temperature hydrocarbon fuels is the formation of coke. There are various types of coke that can be formed, with the most deleterious being filamentous (catalytic) coke. 5,6 Filamentous coke is formed by surface carbon diffusing through metals, precipitating out at grain boundaries, and catalytically growing carbon filaments that include grains of the metal surface. This type of carbon formation reduces metal strength and ductility and is obviously undesirable.
In general, all types of coke formation are undesirable in that they reduce heat transfer by acting as an insulator on surfaces, and can clog small passages in fuel systems and injectors. Most of the literature on high temperature coke formation is based on industrial applications at near-atmospheric pressures, often diluted with steam; there is little research at the high pressures expected in hypersonic vehicle fuel systems (1000 psi, 6.9 MPa).
Wright Laboratories has confirmed the formation of filamentous carbon for fuels heated to 1000°F (540°C) at a Mach 8 propulsion system. In addition, it is anticipated that wall temperatures may reach 1800 "F (980 *C) during hypersonic flight. Previous work has determined that some of the key parameters that affect the coke deposition are heat flux, fuel temperature and pressure, surface temperature, fuel residence time, and fuel composition.
Further tests at Wright Laboratories extended the database by reaching surface temperatures of 1400 *F (760 *C). No reduction in material strength was found after 2 hours of exposure for a variety of superalloys and a MoRe alloy. 8
These tests, however, were also limited to low heat fluxes and long fuel residence times (i.e., low flow rates).
This paper describes results from heated tube tests with JP-7 cooling with surface temperatures up to 1700 *F (927 *C). Fuel flow rate and heat flux were also much higher than the previous tests, and were more typical of conditions expected in hypersonic flight. The experimental cooling capability of the JP-7 was compared to two standard heat transfer coefficient correlations. The carbon deposition rate was also quantified, and compared with the earlier results at lower heat flux. Finally, several tubes were sectioned and examined microscopically for failure and coking mechanisms.
Test Facility. Hardware. and Procedure
The tests were conducted in the NASA Lewis Research
Center Heated Tube Facility. The combustible liquids system was used for these tests. The entire facility is described in detail in reference 9.
A simplified schematic of the combustible liquids system is shown in Fig. 1 . The test section was mounted vertically within a vacuum chamber that was kept below 0.01 psi (69 Pa). The vacuum environment minimized heat losses due to convection and provided a measure of safety in the event of a fuel leak. The test section was heated electrically by passing a current through the tube. Copper disks of 0.5 in. (1.3 cm) thickness were brazed to the tube in a vacuum furnace braze process. The brazing alloy was selected for a liquidus temperature low enough that the tube material properties would not be affected during brazing but a remelt temperature higher than it would be exposed to during testing. The copper disks provided convenient electrical connection for heating.
The test sections were instrumented with six type K thermocouples which were spot welded directly to the outer surface of the tube. The thermocouples were located at 1, 2, 5, 9, 12, and 13 in. (2.5, 5.1, 12.7, 22.9, 30.5, and 33.0 cm) from the start of the heated section (Fig. 2) . Each test section was calibrated in a water cooled calibration rig prior to testing to check and correct for induced temperature error caused by the voltage in the tube. Reference 10 discusses this error potential, and the method used to correct for it if present.
At an operating pressure of 1000 psi (6.9 MPa), hoop stress on the tubes was approximately 3200 psi (22 MPa). Therefore, the first thermocouple was considered to be at the end of the thermal entry region, with the remainder of the test section in the thermally fully developed region.
Heat Transfer Correlations
In order to determine the cooling characteristics of the JP-7 in the test section, the experimental Nusselt Other possible causes that were considered include roughness of the tube as carbon deposition began, an increase in radiative losses from the test section, large property variations near critical temperature, heat flux level, and flow instabilities.
Although roughness was not measured in these tests, previous experiments at lower heat flux showed that the insulating properties of the carbon deposits proved to be more significant than any advantage gained by carbon deposits roughening the wall.
Radiative emissivity of a metal will increase with time at elevated temperatures, and radiative losses were calculated to see if these could cause an apparent increase in fluid cooling capability. However, assuming a change in emissivity from 0.3 to 0.8, the radiative loss to the surroundings increases by only 1 percent of the total heat flux to the coolant, which is insufficient to account for a measured cooling capacity increase of over 40 percent.
The discontinuity and change in slope in was not installed in the test rig. The approximate time the audible instabilities stopped was noted in the log books, but they tended to subside much more gradually than they had begun. Also, the cooling data did not show any consistent reaction or change that would help locate the end of the instabilities. Microscopic analysis presented later in this paper shows signs that some failures were due to melting, and some were due to stress fractures.
Analysis of Thermal Stability and Carbon Deposition
After testing, the tubes were drained, sealed, and sent is much lower on the unheated surface (e.g., Fig. 8 ). This is likely due to a lower wall temperature outside of the actively heated zone.
The deposition results are summarized in Table III, along with data from earlier tests at Wright Laboratories Some of the fuel cooling characteristics discussed earlier may be explained by the carbon deposition data.
For example, the deposition data for test section 5 ( Fig. 9) shows significantly higher deposition near the end of the tube. The cooling capability of the fuel in this test section started out low, similar to the Dittus-Boelter Nusselt number correlation, and then transitioned to the higher cooling capability predicted by the Sieder-Tate correlation. While the first four thermocouples (at 1, 2, 5, and 9 in.
from the inlet) indicated that the fuel remained at this higher cooling capability, the last two thermocouples (at 
Microscopic Analysis
A failure analysis was conducted on samples after testing in the NASA Lewis facility. The procedure for the failure analysis was to initially locate and characterize the appearance of the failure using low magnification photography in either the SEM or with a conventional macro camera. This was followed by sectioning the sample to expose the interior and to use optical and electron microscopy for further characterization.
Elemental scans were also made in the electron microscope using energy dispersive x-ray spectroscopy to determine if the sample had been contaminated by the constituents in the fuel or whether the deposits from the fuel seemed to have been "seeded" by the constituents in the sample.
A typical failure of a 304 SS test section used for checkout is shown in Figs. 12 to 14 . The large distortion seen in Fig. 12 indicates that the temperature of the sample was high enough to have large amounts of plastic flow due to the pressure in the tube. Several holes in the tube are also evident as is the sharp tearing indicated by the circumferential break in the tube. Figure 13 shows droplets on the torn edge as well as a small pinhole failure. At higher magnification the surface of the tube at the pinhole (Fig. 14) shows that extensive intergranular fractures have been initiated and there is a fracture that runs directly into the pinhole.
Analysis of test section 1 (304 SS) clearly showed the type of fuel decomposition that occurred during the test. The wall thickness of the sample near the failure (Fig. 15) shows a local reduction in thickness of the wall by a factor of 2, probably as a result of bulging and deformation just before failure. This would indicate that local heating was severe enough to permit deformation at low stress, which in turn led to uneven heating around the circumference of the resistively heated tube. This condition exacerbated the heating and the rate at which the strength of the tube decreased, leading rapidly to more deformation, melting, and failure. However, the thickness of the carbon deposit on each wall indicates that reaction of the fuel was nearly uniform around the circumference of the tube during most of the test.
A typical carbon deposit was examined a short distance from the failure (Fig. 16 ) and compared with the deposit immediately adjacent to the failure site (Fig. 17) . Fig. 19 shows that the orientation of the planes in the coherent deposit is perpendicular to the tube surface and the high conductivity direction is radial.
This would imply that the initial deposit permitted heat transfer to occur in both the radial and circumferential directions so that the test could continue with a relatively slow growth of ordered carbon. As the carbon layer grew thicker, it may have begun to insulate the tube wall from the fluid thus promoting more rapid formation of carbon deposits which, as can be seen in Figs. 18 therefore, may have occurred in these tests. This conclusion is also supported by the microscopic analysis which showed that the structure of the deposits was much more ordered in the high heat flux tests, when compared to the amorphous deposits seen earlier.
